A time domain approach to couple the Windkessel effect and wave propagation has been recently introduced. The technique assumes that the measured pressure in the aorta (P) is the sum of a reservoir pressure (P r ), due to the storage of blood, and an excess pressure (P e ), due to the waves. Since the subtraction of P r from P results in a smaller component of P e , we hypothesised that using the reservoir-wave approach would produce smaller values of wave speed and intensities. Therefore, the aim of this work is to quantify the differences in wave speed and intensity using P, wave-only, and P e , reservoir-wave techniques.
Introduction
The cardiovascular hemodynamic has been extensively studied for several centuries [1, 2, 3, 4] . One of the major representatives in the field at the end of the nineteenth century was Otto Frank who contributed to arterial mechanics with the mathematical formulation of the Windkessel effect [5] . The Windkessel model shows the importance of aortic compliance in turning the pulsatile cardiac output into a more steady flow in the microcirculation; about half of the stroke volume is stored during systole in the compliant arteries which recoil during diastole forwarding it through the microcirculation much more steadily [6] . The model consists of a resistance to flow through the microcirculation (R) that depends on the peripheral vessels and a compliance (C) determined mainly by the elasticity of the large arteries. The model predicts that the arterial pressure will decay exponentially during diastole with a time constant RC. The Windkessel model, as originally presented, describes the diastolic part of the pressure waveform very well, but is not accurate for systole because it does not take into account the contribution of waves [7] . The addition of the characteristic impedance to the two-element Windkessel was proposed to link the lumped model and the wave propagation in the arterial system [8, 9] .
Another technique for studying arterial waves is wave intensity analysis (WIA), which is a time-domain technique based on the classical one-dimensional flow equations in flexible tubes, and was introduced as an alternative to the frequency-domain techniques [10, 11] . Both WIA and impedance methods can be used for the separation of pressure and flow waveforms into their forward and backward components; producing results that are almost identical [12] . WIA, however, has the advantage that it does not rely upon the assumption of periodicity that is essential for Fourier analysis techniques [13] . WIA has been extensively used in the human aorta [14] , in the radial vessels [15] and more recently noninvasively in the carotid artery [16] . Whilst WIA seems to describe the pattern of waves and their intensities very well, the aortic "reservoir effect" is not taken into account.
There are some anomalies in the separation of arterial pressure into its forward and backward components using either impedance or wave intensity analysis [12] . This is particularly noticeable during diastole when inflow into the proximal aorta is nearly zero, but pressure decays exponentially. Thus, any linear separation technique, such as WIA or impedance analysis will result in forward and backward pressure with nearly equal magnitudes in this period. This could be realised by standing waves in the aorta, but other evidence, such as the extended exponential pressure decay during extended diastole due to ectopic or missing heart beats, mitigates against them ( Figure 6 , in [17] ).
The first time-domain approach to couple the reservoir effect and the wave propagation theory at the aortic root was proposed by Wang et al. [17] . The reservoir-wave model was extended to the venous system [18] and was further developed for any arbitrary location in the arterial system [19] . This model is based on the heuristic assumption that the measured pressure in the aorta (P) is the sum of a reservoir pressure (P r ), due to the storage of blood in the compliant aorta during systole and its discharge in diastole, and an excess pressure (P e ), due to the waves. This new approach resolves the self-cancelling waves that appear in the separation of the flow waveforms using the measured pressure [20, 21] . The subtraction of the reservoir pressure, which accounts for the potential energy stored in the aorta, allows the study of wave propagation employing WIA using P e instead of P. Since the Windkessel function seems to improve left ventricle relaxation [22] and coronary blood flow [23] , the study of the buffering function of the aorta in terms of P r could be a useful tool to better understand the mechanics of the heart and the coronary circulation. The reservoir-wave model has been applied to human [24] , animal [18] and numerical data [19] .
Material and Methods

A.
Reservoir-wave model
Wang et al. [17] proposed that the measured ascending aorta pressure can be considered as the sum of a reservoir pressure (P r ) and an excess pressure (P e ), where P r accounts for the Windkessel effect and P e accounts for wave effect.
Following recent work [28] , we define P(x,t) = P r (t -τ(x)) + P e (x,t) where τ(x) is the time of wave propagation from the aortic root (x=0) to the location x in the arterial system.
Since τ=0 at the aortic root, this definition is consistent with previous work [17] analysing flow in the aortic root, but extends the concept to other parts of the arterial system in a way that overcomes the obvious objection that the reservoir pressure cannot be uniform throughout the arterial system (as assumed in the simple Windkessel model) because arterial wave speeds are finite.
Conservation of mass requires
where V r is the reservoir volume, Q in is the aortic inflow and Q out is the outflow. We assume that the aortic reservoir has a constant compliance, C, and that the flow out of the arteries can be described by a simple resistance relationship
where P ∞ is the asymptotic pressure of the diastolic exponential decay. This may be the venous pressure or may be determined by the interstitial pressure due to the waterfall effect. (5) where t 0 and P 0 are time and pressure at the beginning of the ejection. Q in is zero during diastole by definition and so the reservoir pressure during diastole will simply fall exponentially. 1
The alternative arterial wave propagation theory (wave-only model) is derived from the onedimensional conservation of mass and momentum equations which can be solved by the method of characteristics [10] . This solution states that any disturbance in the vessel will generate wavefronts that travel in the forward and backward direction with speed U±c.
Changes in pressure (dP) and velocity (dU) in these waves are related through the water hammer equation
where ρ is the fluid density, c the wave speed and "±" refers to the wave direction. The wave intensity, dI=dPdU, was introduced by Parker and Jones [10] as a measure of the energy flux carried by the waves.
Khir et al. [28] introduced the PU-loop method for the determination of c based on equation 6 . If the wave speed (or equivalently the characteristic impedance) is known, it is possible to separate the measured pressure and velocity waveforms into their forward and backward components. This can be done either using impedance [30] or wave intensity analysis [10] .
Using the water-hammer equation (equation 6) with the assumption that the forward and backward waves are additive, it can be shown that
where P 0 is the integration constant chosen arbitrarily as diastolic pressure in the (+) and zero in the (-) directions respectively. Also,
where U 0 is the integration constant taken as zero in both the (+) and (-) directions.
It follows that the forward and backward wave intensity are
Note that the separation technique depends upon the knowledge of the wave speed c.
B.
Experimental protocol Experiments were performed in 11 anaesthetised mongrel dogs (average weight 22 ± 3 kg, 7 males). The experimental protocol is described in Khir et al. [14] . allowed between each occlusion in order to return to control conditions [31] . The sequence of the four occlusions was varied between dogs using a 4X4 Latin-square to remove possible time effects. The circumference of the ascending aorta was measured post-mortem to derive the diameter required to convert the measured flow rate into velocity. All data were recorded at a sampling rate of 200 Hz and stored digitally. The relative time delay between P and U signals due to the phase differences of the transducers and to the small displacement between their locations was eliminated by the appropriate shifting of the velocity signal [32] .
C. Analysis
The reservoir pressure was calculated using an algorithm similar to that described by Aguado-Sierra et al. [19] . Briefly, the start of diastole is defined as the time of the first point of inflection in the measured pressure after the systolic peak. The diastolic pressure is fitted to the model P(t) -P ∞ = (P 0 -P ∞ ) e -t/RC , where P 0 is the pressure at the start of diastole, to find the time constant RC and the asymptotic pressure P ∞ . The method is based on the two assumptions that (i) the arteries are well-matched for forward waves and (ii) the volume flow rate into the aorta is proportional to the excess pressure P e (t). The value of this constant of proportionality is determined iteratively by minimising the mean square error between the model and the measured pressure during the whole cardiac period. Given this constant, P r (t)
and P e (t) can be calculated directly. In Table 1 , the averaged values of measured pulse pressure (ΔP), reservoir pulse pressure (ΔP r ) and excess pulse pressure (ΔP e ) are reported together with the averaged value of diastolic pressure (P d ).
Wave speed in the ascending aorta, was determined from the slope of the linear part of the PU-loop (c) and P e U-loop (c e ), before and during total occlusion. The net wave intensity was calculated using P (dI) and P e (dI e ) in all of the experimental conditions and then was separated in forward (dI +, dI e+ ) and backward (dI -, dI e-) wave intensity. In all cases the forward wave intensity displayed a positive peak at the start of systole indicating a forward compression wave (FCW) and another at the end of systole indicating a forward expansion wave (FEW). In some conditions a negative peak in the backward wave intensity was discernible during mid-systole indicating a backward compression wave (BCW t eFEW ) and the onset time of the backward compression (t BCWonset , t eBCWonset ) and forward expansion waves (t FEWonset , t eFEWonset ) were determined using the two models and the results were compared. Wave speed and intensity calculated with P and P e before and during the total occlusion are the average of all cardiac beats over the 30 s period of measurement. Four control recordings were sampled in each dog; one before each occlusion. Since there were no significant differences between these four control measurements, they were pooled for each dog and considered the control state. Data are presented in the text and tables as mean values ± SD (mean was calculated by averaging the mean values of all dogs). Paired two-sided ttests were used to assess differences between parameters calculated using P and P e . Paired ttests were also used to assess differences between parameters calculated during control and occlusion conditions. The relationship between ΔP r and stroke volume (V in, calculated by integrating the area of under the flow waveform during systole) was assessed using bivariate correlation. Values of p<0.05 were considered statistically significant. Statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, Illinois, USA).
Results
A. Wave speed
There is a significant difference in the morphology of the PU and P e U loops in all cases.
The PU-loop is a distinct loop with large hysteresis between the systolic and diastolic portions of the curve. The P e U-loop exhibits much less hysteresis and in many cases, such as the control conditions shown in Figure 1 , the loop collapsed almost completely to a single curve. In all cases, the early systolic portion of the loop was linear enabling a measurement of the wave speed from the slope. In every condition the wave speed determined from the PUloop, c, was greater than the wave speed determined from the P e U-loop, c e , and all of the differences were statistically significant. The values of c and c e and their ratio are reported for all conditions in Table 2 . We see that c during the thoracic occlusion is significantly higher than control conditions (9.9±2.5 m/s vs. 6.0±2.6 m/s, p<0.05). c e calculated during the thoracic occlusion was not statistically different from control. There were no significant differences between either c or c e during any of the other occlusions compared to control conditions.
B. Wave intensity and reflection index
As seen in Figure 2 , there were both similarities and differences between the wave intensity calculated with P, dI = dPdU, and with P e , dI e = dP e dU. In all cases, the forward wave intensities, dI + and dI e+ , were similar in shape with large peaks at the start (FCW) and end (FEW) of systole. As discussed below, the morphology of these peaks was unchanged, but there were differences in their magnitudes. However, the backward wave intensities, dI -
and dI e-, showed large differences with the no peaks discernible in the dI e-waveforms for many of the cases. The magnitude of the three main wave intensity peaks, dI FCW , dI FEW , dI BCW , dI eFCW , dI eFEW and dI eBCW and their ratios are reported in Table 2 . For both of the forward waves, FCW and FEW, dI > dI e and the difference is statistically significant in all cases except for the thoracic and diaphragm occlusions for the FEW wave. The results for the BCW are qualitatively different from the results for the forward waves. In all cases dI e << dI with the differences being highly significant statistically. The reflection index, which is related to the effective reflection coefficient, shows a similar pattern. For control conditions the difference between RI and RI e is large and statistically significant, as reported in Table 2 .
The times of the forward and backward peak intensities and the times of the onset of the BCW and FEW when calculated using the wave-only and the reservoir-wave models are reported in Table 3 . As can be seen from the table, there is no significant difference in timing between the two analyses in all conditions apart from the time of the onset of the FEW that comes earlier when the analysis is performed with P e, both in control and during the four occlusions .
A comparison of wave intensities and reflection indices between occlusion and control conditions yielded a broadly similar pattern. For both the FCW and the FEW there is a slight but statistically significant decrease in the peak values of dI when the occlusion is in the thoracic and diaphragm position and no significant differences when the occlusion is in the more distal locations. This is true for the wave intensity calculated using the measured pressure dI or the excess pressure dI e . For the BCW there is a large and highly significant increase in the dI for the thoracic occlusion, an even larger increase for the diaphragm occlusion and no significant difference for the abdominal and iliac occlusions. Although dI e is significantly smaller than dI for all of the cases, this pattern persists for dI e ; a significant increase for the thoracic occlusion, an even larger increase for the diaphragm occlusion and no differences for the two more distal occlusions.
The reflection index shows this pattern more clearly. For the reflection index calculated using P, RI is more than double for the thoracic occlusion, more than triple for the diaphragm occlusion and is not significantly different from control conditions for the abdominal and iliac occlusions ( Table 2 ). The reflection index calculated using the P e , RI e , is significantly smaller than the correspondent RI, but follows the same pattern; a large increase for the thoracic occlusion, an even larger increase for the diaphragm occlusion and no significant difference from control conditions for the two more distal occlusions.
C. Reservoir and excess pressure
P, P r and P e in the ascending aorta for a typical case are shown in Figure 3 . As seen in the figure, the aortic pressure increased significantly when the occlusion was in the thoracic aorta. The averaged values of measured, reservoir and excess pulse pressures (ΔP, ΔP r and ΔP e, respectively) and diastolic pressure P d for all conditions are reported in Another finding, common to the two methods, is that the averaged values of RI during diaphragm occlusions are slightly higher than during the thoracic occlusion ( Table 2 ) and in some dogs reflections due to the diaphragm occlusion are bigger than these due to the thoracic occlusion. A possible explanation of our result is that during this proximal occlusion the aortic arch branches (subclavian and brachiocephalic arteries) play a greater role than during the diaphragm occlusion. Westerhof et al. [33] previously suggested that the behaviour of the aorta clamped at the diaphragm level is more similar to a uniform tube with a closed end compared to the aorta occluded at a more proximal location, such as the thoracic level.
The authors explained this finding by considering the uniform tube when clamped proximally as "short-circuited" because of the considerable role of the cephalic vessels and collaterals in this condition.
The reflected waves have been used clinically/physiologically as a marker of arterial stiffness [34] , thought to play a major role in the shape of the pressure waveform and in the determination of the augmentation index (AIx); a correlate of mortality. However, recent studies questioned the size and role of reflected waves. Sharman et al., [35] found a disparity between the traditional explanation for the shape of the pressure waveform, due to reflected waves, and the reservoir-wave approach. The authors suggested the role of the reflected waves in the determination of AIx may have previously overstated. Davies et al., [24] demonstrated that arterial reservoir increases with age and it is a major determinant of aortic AIx, which they found not to be predominantly a measure of wave reflection. The authors concluded that aortic pressure waveform is more related to the reservoir function than wave reflection. Tyberg et al., reported the magnitude of the peak reflected pressure wave when using the reservoir-wave model is ~ 6% of total pressure, where it would be ~30% of total pressure using the wave-only model [21] . Our results agree with the above studies, and the decrease of the backward compression wave intensity calculated using P e is one of the most significant results of this study. Similar results about the reduction of backward compression waves using the reservoir-wave model compared to the wave-only model have been recently reported by Mynard et al., [25] . The authors performed WIA in computational and animal data and found lower values of backward compression waves and reflection coefficient when the reservoir-wave system was applied compared to the traditional WIA. These results are in line with our findings. However, they also found bigger backward expansion waves using the reservoir-wave approach that were not present in our work.
Despite the reduction in the magnitude, dI eBCW and dI BCW showed a similar pattern with significant reflections during the more proximal and no reflections from the more distal occlusion. The small magnitude of the backward travelling waves found using the reservoirwave model can be explained if we consider that the arterial system is well-matched in the forward but not in the backward direction [36, 37, 38, 39] . We calculated the reflection coefficients from the trifurcation of the aortic arch in forward direction as
and for the backward direction as
where Y 0 , Y 1, Y 2 , Y 3 , are the characteristic admittances (Y=1/Z=A/ρc) for the ascending aorta, brachiocefalic artery, left subclavian artery, and descending aorta, respectively. These values were calculated using the characteristic impedances for the different vessels reported by Cox and Pace [40] in anesthetized dogs in control condition, in which values of vascular impedance have been calculated by averaging between 8 and 15 Hz. We found that the reflection coefficient is 0.02 in the forward direction and -0.48 in the backward direction.
This means that approximately half of the energy carried by a backward wave in the thoracic aorta will be reflected at the aortic arch. This may be the main reason for the observation of small backward waves at the aortic root, even during the occlusion, using the reservoir-wave model.
The pulse of the reservoir pressure is strongly related to the stroke volume as shown in Figure 4 . In particular, a different linear relationship can be observed during occlusion of the aorta at the thoracic and diaphragm level compared to the control for P r and P e , caused by the different pulse pressure in these conditions. Davies et al. [24] studied the contribution of P r and P e in humans in relation with age.
They found that the contribution of the reservoir pressure to the increase of AIx with age is larger than that of the reflected wave contribution as previously thought [41, 42] ; the increase is largely due to the decrease of the aorta compliance and other elastic vessels. Our results are related to their findings since the increase of pulse pressure due to the thoracic occlusion can be compared to the increase of pressure due to age or to cardiovascular diseases such as hypertension. Our findings confirm that the reservoir pressure makes a larger contribution to the pressure waveform than the excess pressure, shown in Table 1 , as previously reported by other authors [24, 43] .
Conclusion
The reservoir-wave and the wave-only models produce similar WIA curves, although the magnitudes are strikingly different. Both models lead to the conclusion that aortic occlusions downstream the diaphragm level have little or no effect on hemodynamics in the ascending aorta. The models yield different values of wave speed and different wave magnitudes, despite using the same analytical techniques of the pressure-velocity loop and WIA. The reservoir-wave model always yields lower values for all hemodynamic parameters studied.
The small magnitude of BCW in the aortic root during occlusions, using the reservoir-wave model, could be explained by considering the geometry of the aortic arch which has different magnitude of reflection coefficients in the forward and backward directions, although this requires a larger study to confirm this observation. The differences found between the results of wave speed and WIA based on the measured pressure and the reservoir/excess pressures do not mean that the values based on excess pressure are erroneous. In the absence of other independent techniques or evidence it is not currently possible to decide which of the two models compared in this work is more correct. solid black) and backward (P -, gray) components; b) excess pressure (P e , thin black) separated into its forward (P e+ , solid black) and backward (P e-, gray) components (right axis), measured pressure (P, dashed black) and reservoir (P r , dashed gray) component (left axis) in control conditions. P d in this case is 63 mmHg.
Right panel: c) Measured pressure (P, dashed black) separated into its forward (P + , solid black) and backward (P -, gray) components; d) excess pressure (P e , thin black) separated into its forward (P e+ , solid black) and backward (P e-, gray) components (right axis), measured pressure (P, dashed black) and reservoir (P r , dashed gray) component (left axis) during thoracic occlusion. P d in this case is 100 mmHg. 
